Cochlear inner hair cells (IHCs) convert sounds into receptor potentials and via their ribbon synapses into firing rates in auditory nerve fibers. Multivesicular release at individual IHC ribbon synapses activates AMPA-mediated EPSCs with widely ranging amplitudes. The underlying mechanisms and specific role for multivesicular release in encoding sound are not well understood. Here we characterize the waveforms of individual EPSCs recorded from afferent boutons contacting IHCs and compare their characteristics in immature rats (postnatal days 8 -11) and hearing rats (postnatal days 19 -21). Two types of EPSC waveforms were found in every recording: monophasic EPSCs, with sharp rising phases and monoexponential decays, and multiphasic EPSCs, exhibiting inflections on rising and decaying phases. Multiphasic EPSCs exhibited slower rise times and smaller amplitudes than monophasic EPSCs. Both types of EPSCs had comparable charge transfers, suggesting that they were activated by the release of similar numbers of vesicles, which for multiphasic EPSCs occurred in a less coordinated manner. On average, a higher proportion of larger, monophasic EPSCs was found in hearing compared to immature rats. In addition, EPSCs became significantly faster with age. The developmental increase in size and speed could improve auditory signaling acuity. Multiphasic EPSCs persisted in hearing animals, in some fibers constituting half of the EPSCs. The proportion of monophasic versus multiphasic EPSCs varied widely across fibers, resulting in marked heterogeneity of amplitude distributions. We propose that the relative contribution of two modes of multivesicular release, generating monophasic and multiphasic EPSCs, may underlie fundamental characteristics of auditory nerve fibers.
Introduction
Cochlear inner hair cells (IHCs) convert sound signals into receptor potentials and subsequently, at their afferent synapses with auditory nerve fibers, into firing rates that are relayed to the CNS. Hair cell ribbon synapses, like retinal ribbon synapses, are specialized for fast and continuous glutamate release (Heidelberger et al., 2005; Nouvian et al., 2006) . The presynaptic ribbon's role is poorly understood; however, it has been proposed to support the continuous release of vast numbers of vesicles (Parsons and Sterling, 2003; Zenisek, 2008; LoGiudice and Matthews, 2009 ). The presynaptic machinery at hair cell ribbon synapses appears to operate in a specialized manner. For example, synaptotagmin IV or otoferlin, rather than synaptotagmins I or II, the principal calcium sensors in the CNS have been postulated to act as calcium sensors at the IHC afferent synapse (Safieddine and Wenthold, 1999; Lenzi and von Gersdorff, 2001; Roux et al., 2006; Johnson et al., 2009) . Furthermore, several ribbon synapses have been shown to operate by multivesicular release, where multiple vesicles can be released in a coordinated manner to activate individual EPSCs of varying amplitudes (Glowatzki and Fuchs, 2002; Singer et al., 2004; Keen and Hudspeth, 2006; Singer and Diamond, 2006; Suryanarayanan and Slaughter, 2006; Neef et al., 2007; Li et al., 2009) . Finally, at the IHC afferent synapse in the immature rat cochlea, EPSC amplitudes are independent of presynaptic calcium influx over the physiological range of depolarization (Glowatzki and Fuchs, 2002; Goutman and Glowatzki, 2007) .
At rat IHC afferent synapses, multivesicular EPSCs appear with unusual shapes. Some EPSCs exhibiting sharp rise times and monoexponential decays (monophasic) have large amplitudes, suggesting highly synchronous fusion of multiple vesicles. Other EPSCs show inflections during rising and decaying phases (multiphasic), suggestive of a less well coordinated multivesicular release (Glowatzki and Fuchs, 2002) . The specific release mechanisms supporting monophasic and multiphasic EPSCs are unknown. At the adult frog hair cell synapse, multiphasic EPSCs constitute Ͻ5% of EPSCs (Keen and Hudspeth, 2006; Li et al., 2009 ), whereas at immature rat IHC afferent synapses multiphasic EPSCs amount to 30% of EPSCs (Glowatzki and Fuchs, 2002) . The question arises whether multiphasic EPSCs are a feature of immature IHC synapses, or whether they represent a specific mode of release with functional relevance in the mature cochlea. Here we characterize and compare EPSCs of afferent boutons contacting IHCs in immature [postnatal days 8 -11 (P8 -11) ] and hearing (P19 -21 and P60) rat cochleae. In addition to charting developmental changes in synaptic physiology, we assess the contribution of multiphasic EPSCs and determine whether EPSC amplitudes are calcium independent at IHC afferent synapses of hearing rats. We find variability in the ratio of monophasic to ϩ externally. In these cases, IHCs were depolarized with 15 or 40 mM extracellular K ϩ to depolarize the IHC and induce higher rates of release (see supplemental Table 1 , available at www.jneurosci.org as supplemental material, for recording conditions of individual fibers). For this study, data were pooled from recordings in 5.8, 15, and 40 mM K ϩ , as EPSC amplitude distributions were independent of changes in hair cell depolarization (Glowatzki and Fuchs, 2002; Goutman and Glowatzki, 2007 ) (see Fig. 7 ). The membrane potential of IHCs from P19 -21 rats, recorded in the current-clamp configuration of the patch-clamp technique, depolarized from Ϫ59 Ϯ 1 mV in 5.8 mM K ϩ to Ϫ21 Ϯ 1 mV in 40 mM K ϩ (n ϭ 3; data not shown).
Eleven of 31 fibers recorded from P19 -21 rats presented a typical current-voltage relation but had little or no synaptic activity, even if hair cells were depolarized with 15 or 40 mM potassium in the external solution. Six of 31 fibers had large holding currents (Ϫ500 to Ϫ1500 pA) and relatively high rates of EPSCs (4 -40 EPSCs/s). It is not clear whether these observations represent subtypes of fibers or are due to recording artifacts. Fourteen recordings were included in the dataset, which had EPSC rates in 5.8, 15, or 40 mM K ϩ Ͼ 0.05/s and holding currents that were Ͻ300 pA at holding potentials of Ϫ84 to Ϫ94 mV.
Measurements were acquired using pCLAMP 9.2 or 10.2 software in conjunction with a Multiclamp 700A or 700B amplifier (Molecular Devices), low-pass filtered at 10 kHz, and digitized at 50 kHz with a Digidata 1322A. Data were analyzed using Clampfit (Molecular Devices), Origin (OriginLab), MiniAnalysis (Synaptosoft), Matlab (MathWorks), and Prism (Graphpad) software. EPSCs were detected using a routine in Minianalysis, with a threshold set at 3 times the value of the root mean square of the baseline noise and subsequently accepted by eye. Monophasic and multiphasic EPSCs were classified by eye. Although this method is subject to bias, in our hands it provided the least amount of error handling the widely varying waveforms. In a parallel approach, formalized criteria were developed to separate monophasic and multiphasic EPSCs, using the first derivative of the EPSC waveforms (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). This approach was useful in defining a threshold for the level of deflection in the rising phase that would classify an EPSC as multiphasic. Also, larger deflections in the decay phase were detected well. However, as waveforms were highly variable, especially during the noisier decay phases, a subset of EPSCs that was not classified well by the formalized approach still required sorting by eye. A subset of data was analyzed by both methods and Ͻ5% of EPSCs were found to be classified differently, validating both methods as reasonable approaches.
Data are expressed as mean Ϯ SD; means are average values of mean or median values calculated for each cell, representing the average across cells. For statistical analyses, data were tested for normality using D'Agostino and Pearson normality test and parametric or nonparametric tests applied accordingly. Where two parameters were compared t tests or nonparametric equivalents were used; for two parameters recorded within the same cell paired tests were used. Where more than two parameters were compared ANOVAs were used. Level of statistical significance was p Ͻ 0.05. Where developmental changes were analyzed statistical analyses compared P8 -11 data with P19 -21 data. Data for the two fibers recorded at P60 were not included in this analysis.
Results
EPSCs are mediated by AMPA receptors in immature and hearing animals To investigate changes in synaptic transmission during maturation, whole-cell patch-clamp recordings were made from afferent fiber terminals at their point of contact with IHCs in excised apical cochlear coils. EPSCs were analyzed for two age ranges, for immature rats (P8 -11), before the onset of hearing that occurs around P12 in rats (Müller, 1991b) , and for hearing rats (P19 -21). Some properties of EPSCs from afferent boutons of immature rats (P8 -11) have been published previously (Glowatzki and Fuchs, 2002; Goutman and Glowatzki, 2007) . However, here a larger dataset is provided for this age range for additional characterization. A preparation from a P19 rat, as visualized on a monitor during the experiment, is shown in Figure 1 A. The basal region of six IHCs is shown with a number of fibers visible beneath the IHCs. Asterisks indicate possible recording sites. Representative EPSCs recorded from an afferent terminal of a P19 rat cochlea are presented in Figure  1 B. For this recording, the extracellular concentration of potassium was elevated from 5.8 to 40 mM to depolarize the IHC and increase the EPSC firing rate. For all fibers analyzed (recorded with 5.8, 15, or 40 mM potassium in the extracellular solution), EPSC rates ranged between 0.06 and 35.4 EPSCs/s. Recording conditions and properties for individual fibers are given in supplemental Table 1 , available at www.jneurosci.org as supplemental material.
As shown previously (Glowatzki and Fuchs, 2002) , EPSCs in immature afferent fibers are mediated by AMPA receptors: EPSCs reversed around 0 mV, were blocked by CNQX and modulated by the AMPA-specific modulator cyclothiazide (CTZ). Data presented here confirm this result. Before hearing onset, at P8 -11, EPSCs were completely blocked by the AMPA receptor blocker NBQX (at 10 M, n ϭ 6, data not shown). At P19 -21, block by NBQX (1-50 M), was almost complete (n ϭ 5) (Fig. 1 B) . The current voltage relation for average EPSCs was close to linear and reversed at ϳ0 mV (n ϭ 2) ( Fig.  1 D, E ). In the presence of 100 M CTZ EPSC kinetics were significantly slower; the time constant of decay slowed from 0.58 Ϯ 0.3 ms to 2.19 Ϯ 0.6 ms ( p Ͻ 0.0001; n ϭ 1 afferent; only monophasic EPSCs analyzed; 2314 control EPSCs versus 1172 EPSCs in 100 M CTZ) and EPSC amplitudes became larger (309 Ϯ 130 pA in control versus 468 Ϯ 137 pA in CTZ ( p Ͻ 0.0001) (Fig. 1C) . Hence, under recording conditions used here, EPSCs at the IHC afferent synapse in both age ranges, before and after hearing onset, were mediated by AMPA type glutamate receptors.
Relative contributions of monophasic and multiphasic EPSCs change after hearing onset Monophasic EPSCs were defined as exhibiting sharp rise times and monoexponential decays and multiphasic EPSCs as showing inflections during rising and/or decaying phases. Examples are shown in Figure 2 A, B. Multiphasic EPSCs are common in the immature rat cochlea (Glowatzki and Fuchs, 2002; Goutman and Glowatzki, 2007) , but represent Ͻ5% of EPSCs in the adult frog papilla (Keen and Hudspeth, 2006; Li et al., 2009) . These results raised the question whether multiphasic EPSCs represent a feature of the immature synapse in the rat cochlea. To investigate whether multiphasic EPSCs still occur in recordings from hearing rats, EPSC waveforms from afferent boutons of P8 -11 rats (12 fibers), P19 -21 rats (14 fibers), and P60 rats (2 fibers) were examined. For classification of monophasic versus multiphasic EPSCs, see Materials and Methods and supplemental Figure 1 , available at www.jneurosci.org as supplemental material.
At every age and in every fiber examined, both monophasic and multiphasic EPSCs were observed (Fig. 2 A, B) . However, when data were pooled for P8 -11 and compared with pooled data from P19 -21 rats, there was a significant increase in the percentage of monophasic EPSCs in afferent boutons of hearing animals compared to that in immature animals (71 Ϯ 18% compared to 56 Ϯ 15%; p ϭ 0.032) (Fig. 2C) . The range for the percentage of monophasic EPSCs across individual fibers was similarly wide for afferents from P8 -11 (34 -86%) and P19 -21 rats (30 -87%) (Fig. 2 D) . However, at P8 -11 only 2 of 12 fibers had Ͼ75% of EPSCs classified as monophasic, whereas at P19 -21, 9 of 14 fibers had Ͼ75% of EPSCs classed as monophasic. In two fibers from adult (P60) rats, monophasic EPSCs comprised 52% and 74% of the total. In summary, after hearing onset, more fibers exhibited higher percentages of monophasic EPSCs. However, the continued presence of significant numbers of multiphasic EPSCs at P19 -21 and even at P60 emphasizes that this type of EPSC is not simply a developmental feature and its impact on the afferent fiber's firing pattern in hearing animals needs to be considered.
EPSC kinetics are faster after hearing onset
Speeding of EPSC kinetics is a common phenomenon during maturation of glutamatergic synapses, including auditory synapses (Bellingham et al., 1998; EPSC kinetics were compared in afferent fibers from immature and hearing rats. For monophasic EPSCs, the time to peak, and the time constant of decay ( decay) were significantly faster in hearing animals ( Fig. 3A-E ). Time to peak was 0.58 Ϯ 0.1 ms at P8 -11 (n ϭ 12), and twofold faster at P19 -21 (0.29 Ϯ 0.1 ms, n ϭ 14) ( p Ͻ 0.0001). decay decreased by a factor of 3 from 1.4 Ϯ 0.6 ms at P8 -11 to 0.5 Ϯ 0.2 ms at P19 -21 ( p Ͻ 0.0001). Speeding of EPSC kinetics occurred across the entire amplitude range. This is demonstrated in Figure 3E for EPSCs from a P8 and a P20 rat, where decay time constant is plotted against EPSC amplitude for every monophasic EPSC. Additionally, the monophasic EPSC waveform was less variable in afferents from hearing animals; the coefficient of variation for decay was smaller in the more mature fibers (30 Ϯ 19% at P19 -21 versus 61 Ϯ 56% for P8 -11; p ϭ 0.037). For multiphasic EPSCs, the time to peak was measured from the onset to the maximal EPSC amplitude. Again, the time course was significantly faster in afferent fibers from hearing rats. The time to peak was 1.1 Ϯ 0.2 ms at P8 -11 (n ϭ 12) and almost twice as fast at 0.6 Ϯ 0.1 ms at P19 -21 (n ϭ 14) ( p Ͻ 0.0001). At both ages, the time to peak for multiphasic EPSCs was approximately a factor of two significantly slower than the time to peak for monophasic EPSCs (P8 -11: p Ͻ 0.001; P19 -21: p Ͻ 0.001). The half-width of multiphasic EPSCs decreased by a factor of two from 1.4 Ϯ 0.6 ms in P8 -11 rats to 0.7 Ϯ 0.3 ms in P19 -21 rats ( p ϭ 0.003) (Fig. 3F ) . Again, the faster time course of multiphasic EPSCs in hearing rats occurred across the entire EPSC amplitude range (Fig.  3G ). The coefficient of variation for multiphasic half-width was similar for both age ranges (prehearing: 66 Ϯ 24%; hearing: 53 Ϯ 16%); multiphasic EPSCs were as variable in shape after hearing onset. Kinetics for both monophasic and multiphasic EPSCs were similar in afferents from P19 -21 rats and the two fibers recorded from P60 rats (Fig. 3 D, F ) suggesting that for this feature P19 -21 fibers have reached maturity.
As kinetics of monophasic EPSCs get faster in hearing animals and multiphasic EPSCs sped up to a similar degree, a postsynaptic mechanism likely underlies the change. That a change in coordination of release may also occur with age is reflected in the lower percentage of multiphasic EPSCs in more mature animals. Therefore, these data suggest that both presynaptic and postsynaptic changes occur with maturation.
On average, EPSC amplitudes are larger after hearing onset
To compare EPSC amplitude distributions before and after hearing onset, in a first step, EPSC amplitudes were pooled from all A, B, Exemplar EPSCs from afferent boutons of a P10, a P20, and a P60 rat. EPSCs with a steady rising phase and monoexponential decay were classified as monophasic (A). EPSCs with inflections on rising and/or decaying phases were classified as multiphasic (B). C, Quantification of the mean percentage of monophasic EPSCs in afferent fibers of P8 -11 and P19 -21 rat cochleae (9289 EPSCs in 12 fibers of P8 -11 rats and 10,500 EPSCs from 14 fibers of P19 -21 rats). The percentage of monophasic EPSCs increased significantly from 56% at P8 -11 to 71% at P19 -21 ( p ϭ 0.024). D, The percentage of monophasic EPSCs in individual fibers from P8 -11; P19 -21 and P60 cochleae ranked from lowest to highest percentage in each age group. Two of 12 afferents from P8 -11 rats had Ͼ75% monophasic EPSCs, whereas 9 of 14 afferents from P19 -21 rats had Ͼ75% monophasic EPSCs. Note that four fibers from P19 -21 rats had relatively low percentages of monophasic EPSCs. In two recordings from afferent boutons of P60 rat cochleae monophasic EPSCs were 52% and 74% (6170 EPSCs total).
P8 -11 fibers (9289 EPSCs from 12 fibers) and all P19 -21 fibers (10,500 EPSCs from 14 fibers) (Fig. 4 A, B) . For this analysis, data were included from monophasic and multiphasic EPSCs. For every multiphasic EPSC, the maximal peak was measured for the EPSC amplitude (Fig. 4 H) . The pooled EPSC amplitude distribution from immature afferents largely resembled those published previously (Glowatzki and Fuchs, 2002 ) with a modal peak at ϳ30 pA and a highly skewed distribution extending to ϳ800 pA (Fig. 4 A) . Additionally, a less prominent peak at ϳ210 pA was discernable. However, for pooled data from hearing animals, a strikingly different EPSC amplitude distribution was found. A smaller peak at ϳ50 pA was dwarfed by a larger modal peak at ϳ375 pA (Fig. 4 B) . The average median EPSC amplitude was significantly larger in afferents from P19 -21 rats at 287 Ϯ 40 pA (n ϭ 14) compared to 134 Ϯ 21 pA in P8 -11 rats (n ϭ 12) ( p ϭ 0.003). The overall increase in EPSC amplitude in hearing animals can also be discerned by comparing the cumulative fractions of EPSC amplitudes plotted for P8 -11 and P19 -21 afferents (Fig. 4C ). This analysis most likely underestimated the difference in EPSC amplitudes comparing both age ranges. In afferents from hearing rats a significant proportion of EPSCs were greater than several hundred pA, where current sizes might have been underestimated due to uncompensated series resistance errors (by ϳ14% at 375 pA, see Materials and Methods). The overall increase of EPSC amplitude with age could be one factor underlying changes in auditory nerve fiber firing properties before and after hearing onset (see Discussion).
The shape of EPSC amplitude distributions is determined by the relative contributions of monophasic and multiphasic EPSCs
To understand how monophasic and multiphasic EPSCs contribute to the EPSC amplitude distributions, pooled distributions were separated for P8 -11 and P19 -21 by EPSC type (Fig. 4 D-G) . This analysis illustrates that the modal peak of the pooled amplitude distribution for P8 -11 fibers was dominated by multiphasic EPSCs and that for P19 -21 fibers by monophasic EPSCs. At P8 -11, the distribution of multiphasic EPSCs had a peak at ϳ24 pA, similar to the modal peak at ϳ30 pA of the summed distribution, and was highly skewed with amplitudes up to ϳ800 pA (Fig. 4 D) . The distribution of monophasic EPSCs was bimodal, with peaks at ϳ30 pA and ϳ210 pA (Fig. 4 F) , contributing to both peaks of the summed distribution (Fig. 4 A) . At P19 -21, the amplitude distribution of monophasic EPSCs (Fig. 4G) had remarkably similar features compared to the summed distribution (Fig. 4 B) .
The nearly Gaussian amplitude distribution of monophasic EPSCs had a peak at ϳ375 pA, and a second, much smaller peak at ϳ50 pA. For multiphasic EPSCs, the modal peak at ϳ24 pA, found at P8 -11, was lost at P19 -21. For both, monophasic and multiphasic EPSCs, the average median EPSC amplitude shifted to larger values with age: For multiphasic EPSCs from 97 Ϯ 62 pA to 217 Ϯ 121 pA ( p ϭ 0.005) and for monophasic EPSCs from 155 Ϯ 99 pA to 308 Ϯ 124 pA ( p ϭ 0.002). In summary, the shift in the EPSC amplitude distribution to a higher modal peak with age was based on the following changes: First, a shift in the relative contribution of multiphasic and monophasic EPSCs occurred with age, resulting in a shift of the modal peak from ϳ30 monophasic EPSCs recorded from a P8 (A) and a P20 (B) afferent at Ϫ94 mV with 5.8 mM K ϩ extracellularly. C, Normalized average EPSC waveforms for the two cells presented in A and B (EPSCs averaged: P8 n ϭ 336, green; P20 n ϭ 216, black). D, Average time to peak and decay presented for monophasic EPSCs from 12 boutons of P8 -11 (time to peak: 0.58 Ϯ 0.1 ms; decay: 1.4 Ϯ 0.6 ms; 5078 EPSCs), 14 boutons of P19 -21 (time to peak: 0.29 Ϯ 0.1 ms; decay 0.5 Ϯ 0.2 ms; 6782 EPSCs), and 2 boutons of P60 (time to peak: 0.28 Ϯ 0.002 ms; decay: 0.37 Ϯ 0.002 ms; 3796 EPSCs) rats. EPSC kinetics were significantly faster in boutons from hearing rats (time to peak and decay p Ͻ 0.0001; comparing P8 -11 and P19 -21 datasets). E, Plot of decay against EPSC amplitude for every monophasic EPSC from one P8 afferent (green squares) and one P20 afferent (black squares), same fibers as in A and B. EPSCs in hearing afferents were significantly faster across the entire amplitude range. Monophasic EPSC waveforms were more uniform in boutons from hearing animals illustrated by the less variable decay time constant for the P20 afferent. F, Average time to peak and half-width for multiphasic EPSCs from cochleae of 12 P8 -11 (time to peak: 1.1 Ϯ 0.2 ms; half-width: 1.4 Ϯ 0.6 ms; 4616 EPSCs), 14 P19 -21 (time to peak: 0.6 Ϯ 0.1 ms; half-width: 0.7 Ϯ 0.3 ms; 2525 EPSCs), and 2 P60 (time to peak: 0.8 Ϯ 0.003 ms; half-width: 0.6 Ϯ 0.1; 2374 EPSCs) rats. Multiphasic EPSCs were significantly faster in boutons from hearing rats (time to peak: p Ͻ 0.0001; half-width: p ϭ 0.0005, comparing P8 -11 and P19 -21 datasets). G, Plot of half-width against EPSC amplitude for every multiphasic EPSC from one P8 afferent (green squares) and one P20 afferent (black squares), same fibers as in A and B. Multiphasic EPSCs were significantly faster across the entire amplitude range.
pA to ϳ375 pA. This result can be interpreted as a shift to a higher level of coordination of release events with age; changing from the preferential release of single vesicles at P8 -11 to approximately seven to nine vesicles at P19 -21 assuming that the first peak in the monophasic distribution of ϳ50 pA represents the quantal size at P19 -21 (see below). Second, both peaks in the monophasic distributions shifted to larger amplitudes with age; from ϳ30 pA to ϳ50 pA for the smaller peak and from ϳ210 pA to ϳ375 pA for the larger peak. For both peaks, this shift could be interpreted as an increase in quantal size with age and for the larger peak, a change in the preferred level of coordination could also have occurred. For multiphasic EPSCs, also a change to larger amplitudes with age occurred, most likely based on similar mechanisms.
In hearing animals, the median EPSC amplitude differs; however, the charge transfer is similar for monophasic and multiphasic EPSCs Cumulative fraction plots compare the EPSC amplitude distributions of monophasic and multiphasic EPSCs (Fig. 4 I, J ) . At both ages, there is a trend toward larger amplitudes for monophasic EPSCs. At P8 -11, the average median EPSC amplitudes of monophasic and multiphasic EPSCs do not differ significantly (P8 -11 monophasic: 161 Ϯ 108 pA; n ϭ 12; versus multiphasic: 119 Ϯ 134 pA; n ϭ 14). However, at P19 -21, the average median EPSC amplitude of monophasic EPSCs was significantly larger compared to multiphasic EPSCs (monophasic: 295 Ϯ 130 pA, multiphasic: 218 Ϯ 128 pA; p ϭ 0.0008). This difference in size could be physiologically relevant, as multiphasic EPSPs might have a lower chance of reaching threshold for action potential (AP) generation compared to monophasic EPSPs (see Discussion).
The smaller amplitude, multiphasic EPSCs at P19 -21 could result from the release of fewer vesicles than those contributing to larger monophasic EPSCs. Alternatively, smaller amplitudes could be due to a similar number of vesicles released in a less coordinated manner. To compare the relative number of vesicles released in multiphasic versus monophasic EPSCs, every EPSC was integrated, thus calculating its charge transfer. The charge transfer for monophasic and multiphasic EPSCs were compared within the age groups P8 -11 and P19 -21, where kinetics were constant (Fig. 4 K, 
The EPSC type, monophasic or multiphasic, is independent of the preceding time interval, EPSC area or amplitude
The mechanisms that determine whether a monophasic or multiphasic EPSC is activated are unknown. Here we examine whether the length of the preceding interval or the attributes of the preceding EPSC influenced whether a monophasic or multiphasic EPSC would occur. Recordings from the auditory nerve show that the timing of auditory nerve fiber discharge follows a near-Poisson process (Kiang et al., 1965) . Interevent intervals for all EPSCs were analyzed for cells with Ͼ650 EPSCs (P8 -11: n ϭ 3; P19 -21: n ϭ 5). Interval histograms decayed in an exponential manner (Fig. 5 A, B) , consistent with an underlying Poisson release process in which the probability of an EPSC is constant, independent of the time since the preceding EPSC. When analyzed separately, intervals before monophasic EPSCs were no different than those before multiphasic EPSCs for both age ranges (Fig. 5C,D) . Furthermore, amplitudes and integrals of EPSCs preceding a monophasic EPSC were not different from those preceding a multiphasic EPSC for both age ranges. The sequence of EPSCs for each fiber was further analyzed by comparing the probability of each EPSC type following either a monophasic or a multiphasic EPSC. This analysis revealed a slight, but significant increase in the probability for a multiphasic EPSC to occur after another multiphasic EPSC for P19 -21 rats [All EPSCs: mean percentage multiphasic: 27 Ϯ 15%; only EPSCs occurring after a multiphasic EPSC: mean percentage multiphasic: 37 Ϯ 17%; ( p Ͻ 0.01)]. After a monophasic EPSC, there were no significant differences in the probability of monophasic or multiphasic EPSCs occurring compared to their respective overall percentages.
In summary, these results demonstrate that EPSCs occurred at random intervals and that the intervals before monophasic and multiphasic EPSCs were not different. Also, there was no correlation between the amplitude or area of the preceding EPSC and the type of the following EPSC. However, in hearing rats there was a 10% increase in the probability of observing a multiphasic EPSC following another multiphasic EPSC. Figure 2 D demonstrates that the percentage of monophasic EPSCs is quite variable across individual fibers within the tested age ranges. Similarly, amplitude distributions varied widely across fibers within the age ranges, as illustrated in the cumulative EPSC amplitude plots for all individual fibers from P8 -11 and P19 -21 rats (Fig. 6) . Amplitudes of monophasic and multiphasic EPSCs were considered for all fibers with Ͼ60 EPSCs in this analysis. Median EPSC amplitudes ranged from 19 to 251 pA in 12 fibers from P8 -11 rats and even wider, from 97 to 473 pA in 11 fibers from P19 -21 rats. For further comparison, we classified fiber types according to their median EPSC amplitudes (Fig. 6A,B , dashed lines) (low-amplitude fiber: Ͻ250 pA and high-amplitude fiber: Ͼ250 pA). Examples for these two fiber types are shown in Figure 6 , C and D. For low-amplitude fibers, distributions showed an initial peak at EPSC amplitudes of Ͻ100 pA and were highly skewed. For high-amplitude fibers, distributions were closer to a Gaussian distribution, showing a peak between 200 and 475 pA.
In hearing animals, fibers have more diverse EPSC amplitude distributions compared to fibers from immature rats
The majority of fibers from immature cochleae were of the low-amplitude type (11 of 12 fibers) and 1 of 12 was classed high amplitude (Fig. 6 E) . At P19 -21, most fibers were categorized as high-amplitude fibers (8 of 11). High-amplitude fibers had a significantly higher percentage of monophasic EPSCs compared to low-amplitude fibers (Fig. 6C, D, F ) .
It is noteworthy that 3 of the 11 fibers at P19 -21 were of the low-amplitude type. When the attributes of low-amplitude fibers from P8 -11 and P19 -21 were compared, the median EPSC amplitude and the percentage of monophasic EPSCs were not significantly different [amplitude: 123 Ϯ 65 pA versus 118 Ϯ 34 pA; percentage monophasic: 53 Ϯ 13% versus 63 Ϯ 7%; P8 -11 (n ϭ 11) versus P19 -21 (n ϭ 3), respectively]. However, at P19 -21, EPSC kinetics for low-amplitude fibers had become significantly faster ( decay: 1.54 Ϯ 0.8 ms; 0.42 Ϯ 0.1 ms; P8 -11 lowamplitude versus P19 -21 low-amplitude respectively; p ϭ 0.02), showing that these fibers exhibited mature features.
In summary, fibers with more diverse EPSC amplitude distributions were found in hearing rats compared to immature animals. Amplitude distributions of individual fibers are shaped by the relative contributions of monophasic and multiphasic events.
The wider range of EPSC amplitude distributions emerging with age could contribute to setting up diverse properties of auditory nerve fibers at the hair cell afferent synapse (see Discussion).
The EPSC amplitude is independent of IHC depolarization
For the immature cochlea, it has been demonstrated that the EPSC amplitude is independent of hair cell depolarization and the amount of calcium influx within the physiological range of activation; only the probability of release changes in a calcium-dependent manner (Glowatzki and Fuchs, 2002; Goutman and Glowatzki, 2007) . This relationship was examined here for afferent fibers recorded from hearing rats. At P19 -21, IHCs depolarize from Ϫ59 Ϯ 1 mV in 5.8 mM K ϩ to Ϫ21 Ϯ 1 mV in 40 mM K ϩ (n ϭ 3; data not shown). For three afferent fibers, one representative of the low-amplitude type and two of the high-amplitude type, amplitude distributions did not substantially shift or convert to a different fiber type with hair cell depolarization (Fig. 7A-C) . Similarly, amplitude distributions did not shift for a P60 fiber, recorded in 5.8 and 40 mM K ϩ (Fig. 7D-F ) . Note that the amplitude distribution of the P60 fiber had two peaks, one dominated by smaller multiphasic and one by larger monophasic EPSCs (data not shown). Both peaks persisted with hair cell depolarization. For all four fibers presented, the median EPSC amplitude did not significantly change with IHC depolarization (Fig. 7A,D) . Overall, comparing individual recordings acquired at different levels of hair cell depolarization, there was no correlation between the level of IHC depolarization and fiber type (supplemental Table 1 , available at www.jneurosci. org as supplemental material). In summary, these data show that EPSC amplitude is independent of IHC depolarization and the amount of calcium influx for afferent fibers from hearing animals within the physiologically relevant range of IHC depolarization. This independence of EPSC amplitude from IHC depolarization justifies the comparison of afferent fibers with different levels of IHC depolarization (in 5.8 -40 mM K ϩ ), as done in this study.
Discussion
Developmental changes in EPSC waveform could improve signaling acuity of auditory nerve fibers With maturation, changes were found in the EPSC waveform that could improve auditory signaling acuity. Both monophasic and multiphasic EPSCs became twice as fast and monophasic EPSC waveforms became more uniform with age, which may decrease jitter during AP generation. In addition, the median EPSC amplitude more than doubled in afferent fibers from hearing rats,
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A . EPSC amplitude distributions for individual fibers are more diverse for hearing rats compared to immature rats. A, B, Cumulative EPSC amplitude plots for individual fibers from cochleae of P8 -11 (A) and P19 -21 (B) rats. Fibers were classified as low amplitude or high amplitude by their median amplitude (Ͻ250 ϭ low; Ͼ250 ϭ high). Representative fibers from each class are highlighted in the cumulative plots (blue ϭ low amplitude, red ϭ high amplitude). C, D, Individual amplitude histograms for exemplar low-amplitude and high-amplitude fibers, chosen from a P11 and a P20 rat respectively. Beneath each amplitude histogram, multiphasic and monophasic EPSC amplitude distributions are plotted separately. E, Number of fibers classed as low and high amplitude from P8 -11 and P19 -21 rats. F, Percentage of monophasic EPSCs in fibers categorized as low or high amplitude from P8 -11 and P19 -21 rats. At P19 -21 where there were sufficient fibers in each category for statistical analysis there were significantly higher percentages of monophasic EPSCs in high-amplitude fibers compared to low-amplitude fibers [percentage monophasic: 63 Ϯ 7 (3 low-amplitude fibers) versus 82 Ϯ 7 (8 high-amplitude fibers); p ϭ 0.003].
increasing the likelihood for synaptic events to reach AP threshold.
Speeding of EPSCs
Speeding of EPSCs with maturation has been shown at several synapses (Taschenberger and von Gersdorff, 2000; Brenowitz and Trussell, 2001; Futai et al., 2001; Wall et al., 2002; Takahashi, 2005) resulting from various mechanisms: changes in AMPA receptor composition, with a preference toward more strongly desensitizing flop splice variants (Mosbacher et al., 1994; Lawrence and Trussell, 2000; Wall et al., 2002; Koike-Tani et al., 2005) ; improved synchronization of vesicular release (Chuhma et al., 2001; Wall et al., 2002) ; changes in synaptic structure (Taschenberger et al., 2002; Cathala et al., 2005) and more effective glutamate clearance (Koike-Tani et al., 2005) .
The kinetics of monophasic EPSCs changed uniformly across the entire amplitude range, including for the presumed uniquantal EPSCs. The simplest explanation for such a change would be a developmental change in expression of postsynaptic AMPA receptor subunits. GluA2/A3 and GluA4 have been localized at developing and adult IHC afferent synapses (Kuriyama et al., 1994; Luo et al., 1995; Matsubara et al., 1996; Knipper et al., 1997; Eybalin et al., 2004 ) and a developmental switch in subunits from GluA2/A3 to GluA4 (Knipper et al., 1997) , and from GluA2-lacking to GluA2-containing (Eybalin et al., 2004) has been reported for the rat cochlea. Flip and flop mRNA for GluA2, A3 and A4 have been localized in adult rat cochlear ganglion cells (Niedzielski and Wenthold, 1995) ; however, developmental changes in splice variant expression have not been investigated. Regarding developmental changes in coordination of release, comparison of EPSC time to peak did not reveal an increased speeding of multiphasic compared to monophasic EPSCs. However, an improved synchronization of release with maturation is indicated by the presence of a higher percentage of larger monophasic EPSCs in hearing animals.
Increase in EPSC amplitude
Comparing pooled data for fibers at P8 -11 and P19 -21, the average median EPSC amplitude more than doubled and the mode of the amplitude distribution increased Ͼ10 times (from ϳ30 pA to ϳ375 pA). We interpret the large shift in the mode as a change from preferential release of single vesicles in immature animals to preferential coordinate release of seven to nine vesicles in hearing animals. This calculation assumes that the first peak of the monophasic EPSC amplitude distribution represents the quantal size of ϳ50 pA in hearing animals, similar to that demonstrated at adult frog hair cell synapses (Li et al., 2009) ; it also accounts for underestimation of the modal amplitude in hearing animals by ϳ14% due to series resistance error (see Materials and Methods). In addition to the change in modal amplitude, the first peak in the monophasic EPSC amplitude distributions shifted to a larger amplitude with age, from ϳ30 pA to ϳ50 pA. This shift can be interpreted as a developmental increase in quantal size, as demonstrated at other synapses (Bellingham et al., 1998; Wall and Usowicz, 1998; Brenowitz and Trussell, 2001; Futai et al., 2001; Joshi and Wang, 2002; Yamashita et al., 2003) .
Heterogeneity in amplitude distributions of individual synapses may contribute to the diverse properties of auditory nerve fibers Afferent fibers in this study showed widely ranging EPSC amplitude distributions. Immature fibers mostly presented lowamplitude distributions that were highly skewed with an initial peak at Ͻ100 pA. In hearing animals, Ͼ70% of fibers were classified as high amplitude, with a peak at 200 -475 pA. However, low-amplitude fibers also existed in hearing animals. How do the diverse EPSC amplitude distributions relate to firing properties of auditory nerve fibers? Preliminary data indicate that EPSC distributions translate into a similarly wide range of EPSP amplitudes (ranging from 1 to 30 mV), and that not every EPSP activates an AP (E. Yi and L. Grant, unpublished data). If multiphasic EPSPs reach threshold, they most likely trigger single APs; however, longer lasting multiphasic EPSPs may generate multiple APs. In vivo recordings from adult guinea pig afferent fibers also reported the occurrence of subthreshold EPSPs not only during the neural refractory period (Siegel, 1992) . In immature fibers, with higher percentages of multiphasic EPSCs and smaller median EPSC amplitudes, less EPSPs may reach AP threshold compared to fibers in hearing animals. Additionally, in hearing animals, the on average smaller multiphasic EPSCs may be less likely to reach threshold compared to the larger monophasic EPSCs.
Auditory nerve fibers exhibit a wide range of spontaneous firing rates from Ͻ1/s to 140/s (for review, see Ruggero, 1992; Taberner and Liberman, 2005) . Founding studies in cats classified fibers as low (Ͻ0.5/s; ϳ15% of all fibers), medium (0.5-18/s,
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LG 40 ϳ25%), and high spontaneous rate (Ͼ18/s, ϳ60%) (Liberman, 1978) , and correlated fiber properties, such as threshold for activation by sound and dynamic range with spontaneous rate (Liberman, 1982) . In many species, including rats, mice and gerbils, fibers with the highest spontaneous rates have the lowest thresholds and narrowest dynamic ranges at their characteristic frequency (and vice versa) (Ohlemiller and Echteler, 1990; el Barbary, 1991; Taberner and Liberman, 2005) .
Variability in rates of vesicular release at individual active zones within the same IHC may be determined by the distribution and properties of calcium channels Meyer et al., 2009) . It is tempting to propose an additional mechanism: fibers with low EPSC amplitude distributions, as presented in this study, may represent fibers with low spontaneous rates, as most synaptic events may be insufficiently large to activate APs. In contrast, in fibers classified here as high amplitude, most EPSPs may activate APs and these fibers could correspond to high spontaneous rate auditory nerve fibers. Immature auditory nerve fibers exhibit low spontaneous rates and after hearing onset a wide range of spontaneous firing rates develops (Romand, 1984; Walsh and McGee, 1987; Müller, 1996) . Similarly, EPSC amplitude distributions of immature fibers are mostly of the low-amplitude type, whereas in hearing animals the shape of the amplitude distributions diversifies. Most intriguingly, as EPSC amplitude distributions are shaped by the proportion of monophasic versus multiphasic EPSCs, we propose that the relative contribution of these two types of release events at individual synapses may set spontaneous rates and contribute toward the diversity of auditory nerve fibers.
Two distinct modes of vesicle release at individual IHC ribbon synapses: possible mechanisms
Monophasic and multiphasic EPSCs were found in every fiber recorded, the relative percentages of which varied across fibers. Charge transfer for both EPSC types was similar; therefore it is likely that they draw upon the same vesicle pool. The occurrence of monophasic versus multiphasic EPSCs was independent of the preceding time interval, EPSC charge transfer or amplitude. Thus any kind of exhaustion does not appear to influence whether a monophasic or multiphasic EPSC might occur. Furthermore, changes in presynaptic calcium influx with depolarization did not change EPSC amplitude distributions or the relative occurrence of monophasic versus multiphasic EPSCs. This calcium independence of EPSC amplitude appears rather specific for IHC afferent synapses, as studies investigating frog hair cell synapses report calcium-dependent EPSC amplitudes (Li et al., 2009; Rutherford and Roberts, 2009) .
Regarding mechanisms supporting monophasic and multiphasic EPSCs and regulating their proportions at individual synapses, we can only speculate. Monophasic EPSCs with sharp rising phases, devoid of inflections, could be explained by the release of multiple vesicles in a compound fusion event, as shown for secretory cells (Alvarez de Toledo and Fernandez, 1990; Pickett and Edwardson, 2006; Vardjan et al., 2009 ). In support, at retinal bipolar cell ribbon synapses, elongated cisternal structures were found attached to presynaptic ribbons following stimulation (Matthews and Sterling, 2008) . In compound events, vesicles could prefuse and subsequently fuse with the plasma membrane, or vesicles could fuse sequentially with a vesicle that has just fused with the plasma membrane. Sequential fusion steps could generate multiphasic EPSCs. The distribution of vesicular molecules facilitating vesicle-to-vesicle fusion may then set which type of release event might occur. At the calyx of Held, synaptotagmin II facilitates compound fusion (He et al., 2009) . Perhaps molecules such as synaptotagmins or snapin, which are involved in synchronization of vesicular release at conventional synapses (Nishiki and Augustine, 2004; Sun et al., 2007; Pan et al., 2009 ) enable the unusual release process at IHC synapses. Furthermore, IHC calcium channel gating, with three closed and two open states, may provide a means for supporting different release modes (Zampini et al., 2010) . In addition to compound fusion, monophasic or multiphasic EPSCs could result from the more or less simultaneous release of vesicles docked and primed at the plasma membrane. In the cat cochlea, size and complexity of presynaptic specializations differs for fibers with low and high spontaneous rates (Liberman, 1980; Liberman et al., 1990; Merchan-Perez and Liberman, 1996) . However, diversity in molecular composition for these different fiber types has yet to be revealed.
